We report on the outcome of children with advanced primary myelodysplastic syndrome (MDS) transplanted from an HLAmatched sibling (MSD) or an unrelated donor (UD) following a preparative regimen with busulfan, cyclophosphamide and melphalan. Ninety-seven patients with refractory anemia with excess blasts (RAEB, n ¼ 53), RAEB in transformation (RAEB-T, n ¼ 29) and myelodysplasia-related acute myeloid leukemia (MDR-AML, n ¼ 15) enrolled in the European Working Group of MDS in Childhood (EWOG-MDS) 98 study and given hematopoietic stem cell transplantation (HSCT) were analyzed. Median age at HSCT was 11.1 years (range 1.4-19.0). Thirty-nine children were transplanted from an MSD, whereas 58 were given the allograft from a UD (n ¼ 57) or alternative family donor (n ¼ 1). Stem cell source was bone marrow (n ¼ 69) or peripheral blood (n ¼ 28). With a median follow-up of 3.9 years (range 0.1-10.9), the 5-year probability of overall survival is 63%, while the 5-year cumulative incidence of transplantation-related mortality (TRM) and relapse is 21% each. Age at HSCT greater than 12 years, interval between diagnosis and HSCT longer than 4 months, and occurrence of acute or extensive chronic graft-versus-host disease were associated with increased TRM. The risk of relapse increased with more advanced disease. This study indicates that HSCT following a myeloablative preparative regimen offers a high probability of survival for children with advanced MDS.
Introduction
Accounting for 4% of all pediatric hematopoietic neoplasia, myelodysplastic syndromes (MDSs) are far less common in children than in adults. [1] [2] [3] There is a great heterogeneity in presentation and clinical course. Refractory anemia with excess blasts (RAEB) in children has features similar to those observed in adults. Children with RAEB generally have relatively stable counts for weeks or months. A similar biological behavior without clinical features of leukemia is noted in some children with myelodysplasia and blast percentage between 20 and 29%, a condition classified as RAEB in transformation (RAEB-T) in the French-American-British (FAB) Cooperative Group classification. Because children with RAEB-T may not benefit from intensive chemotherapy before hematopoietic stem cell transplantation (HSCT), the European Working Group of MDS in Childhood (EWOG-MDS) has maintained their inclusion in pediatric MDS. 4, 5 The treatment of patients with RAEB, RAEB-T and acute myeloid leukemia (AML) evolving from MDS (MDR-AML) remains a major challenge. Therapy of these disorders has been associated with intensive treatment-related toxicities and a high risk of relapse. Conventional AML-type chemotherapy without HSCT resulted in survival rates below 30%. 6, 7 In contrast, it has been shown that a large proportion of children with advanced MDS can be successfully treated with HSCT. [7] [8] [9] [10] [11] However, all previously published studies include patients with a wide spectrum of diagnoses, ranging from refractory cytopenia to more advanced MDS and juvenile myelomonocytic leukemia, transplanted following variable conditioning regimens. The use of intensive chemotherapy before HSCT, aimed at decreasing the risk of relapse, is controversial, and none of the previously published studies has been able to show a robust benefit. Here, we report on the largest series of children with advanced primary MDS transplanted following a uniform preparative regimen including busulfan, cyclophosphamide and melphalan.
Patients and methods
Ninety-seven consecutive patients who were enrolled in the observational study EWOG-MDS 98 (Clinical Trials.gov Identifier: NCT00047268), had a diagnosis of advanced primary MDS before January 2007 and were transplanted according to the recommendations of the EWOG-MDS Study group between January 1998 and May 2007 were included in the analysis.
Peripheral blood smears, bone marrow aspirates, bone marrow biopsies (if available) and metaphase cytogenetics were assessed in local and national reference laboratories according to published criteria. 12 Patients with moderate to severe myelofibrosis were excluded. HSCT was performed in 30 European centers (Supplementary Data). Data were reported on standardized data collection forms to the Coordinating Study Centre of the EWOG-MDS Study Group. Informed consent was obtained from patients' parents or legal guardians according to the Declaration of Helsinki. The study was approved by the Institutional Review Board of each participating institution.
Patient characteristics
Median age at diagnosis of the 97 children (65 males and 32 females) was 10.7 years (range 1.0-18.2). According to the most advanced morphological subtype before HSCT, patients were classified as RAEB (n ¼ 53), RAEB-T (n ¼ 29) or MDR-AML (n ¼ 15). Cytogenetic analysis at diagnosis was available in 94 patients; 32 of them had a normal karyotype and 62 had chromosomal aberrations including monosomy 7 (defined as monosomy 7 þ /À additional aberrations with the exception of structurally complex karyotypes, n ¼ 29), a structurally complex karyotype (defined as more than three chromosomal aberrations in the presence of at least one structural aberration, n ¼ 5) or other abnormalities (n ¼ 28).
Transplantation procedure Donor and HLA typing. Thirty-nine patients (40%) were grafted from an HLA-matched sibling donor (MSD), whereas the remaining were transplanted from a UD (n ¼ 57, 59%) or an alternative matched family donor (n ¼ 1, 1%). This latter patient was analyzed within the UD group. On the basis of intermediate resolution typing for HLA-A, -B and -C and high-resolution typing for HLA DRB1, unrelated donor-recipient pairs were either identical (UD-8/8; n ¼ 31) or mismatched in one antigen (UD-7/8; n ¼ 10). In 17 donor-recipient pairs, HLA typing did not include HLA-C or was based on serological methods only (UD-other).
Pre-transplant therapy, preparative regimen and prophylaxis of graft-versus-host disease (GVHD). Twentyfour patients (25%) received AML-like chemotherapy before HSCT, whereas the majority of patients (n ¼ 73, 75%) were transplanted without having received intensive chemotherapy. The preparative regimen was based on the use of busulfan (16 mg/kg given orally over four consecutive days), cyclophosphamide (60 mg/kg/day for two consecutive days) and melphalan (140 mg/m 2 in a single dose). More recently, 24 patients received busulfan intravenously given according to the recommendations of the pharmaceutical company. To prevent occurrence of GVHD, most patients (27/39, 69%) transplanted from an MSD received cyclosporine-A alone. The combination of cyclosporine-A, short-term methotrexate and either anti-thymocyte globulin (ATG) or, in four cases, the monoclonal antibody Campath1-H was employed in the majority of patients (48/58, 83%) transplanted from a UD.
Definitions and statistics. Acute GVHD (aGVHD) was diagnosed and graded by investigators at each transplant center according to previously reported criteria. 13, 14 Patients surviving more than 10 days after HSCT were considered at risk for aGVHD. Children alive at day þ 100 post-transplantation with sustained donor engraftment were considered to be evaluable for chronic GVHD, which was classified according to previously reported criteria. 15 Treatment of GVHD was administered according to protocols in use at each single institution. Myeloid engraftment was defined as the first of three consecutive days with a neutrophil count 40.5 Â 10 9 /l, and platelet engraftment as the first of three consecutive days with an unsupported platelet count 420 Â 10 9 /l. For statistical analysis, the reference date was set to 1 April 2009. Overall survival was defined as the probability of survival irrespective of disease state at any point in time, event-free survival (EFS) as the probability of being alive and free of disease at any time point, considering death, relapse, rejection and graft failure as events. The Kaplan-Meier method was used to estimate survival rates, whereas the two-sided log-rank test was employed to evaluate the equality of the survivorship functions in different subgroups. 16 Relapse incidence (RI) was defined as the probability of having a relapse; death without experiencing a relapse was considered a competing event. On the contrary, transplantationrelated mortality (TRM) was defined as the probability of dying without previous occurrence of a relapse, which was the competing event. Both these probabilities were estimated as cumulative incidence curves. [17] [18] [19] Also, the probabilities of acute and chronic GVHD were estimated as cumulative incidence. For both aGVHD and chronic GVHD, relapse, death, rejection and graft failure were treated as competing events.
All results were expressed as 5-year probability or 5-year cumulative incidence (%) and 95% confidence interval (95% CI). Univariate analyses of EFS, RI and TRM were performed considering potential risk factors and patient-related variables, such as age at diagnosis, gender and year of diagnosis. For multivariate analysis, a Cox proportional hazard regression model was designed for each outcome (that is, EFS, RI and TRM). Generally, demographic data (gender, age) and variables with a P-value o0.10 in univariate analysis for at least one of the outcomes were included in each Cox model. 20 However, the variable karyotype was not included as the structural complex karyotype occurred in five patients only. Furthermore, the blast count at HSCT was excluded because there was a high correlation with the morphological MDS subtype, and the information was not available for all patients. w 2 -test was used to examine the statistical significance of an association between categorized variables. In the case of a 2 Â 2 contingency table, Fisher's exact test was calculated. Because normal distribution cannot be assumed, median values and ranges were reported and nonparametric statistics were used to test for differences in continuous variables for different subgroups (Kruskal-Wallis test with adjacent post-hoc Mann-Whitney U-Test). 21, 22 All P-values were two-sided and values lower than 0.05 were considered statistically significant. Non-significant P-values greater than 0.15 were reported as NS, while those between 0.05 and 0.15 were reported in detail. SPSS for Windows 15.0.1 (SPSS Inc., Chicago, IL, USA) and NCSS 2004 (Number Cruncher Statistical Systems, Kaysville, UT, USA) were used for the statistical analysis of data.
Results

Engraftment
Details of myeloid recovery were available for all patients. Sustained neutrophil engraftment was achieved in all but two patients who died of TRM (day 11 and 15) before engraftment. The median time to neutrophil engraftment was 16 days (range 10-43). For patients achieving platelet engraftment (87/97), the median time to obtain platelet recovery was 23 days (range 7-148). Nine patients died before platelet engraftment at a median time of 58 days (range 14-118) after HSCT.
GVHD
Grade II-IV aGVHD developed in 44 patients. The cumulative incidence of grade II-IV aGVHD at day 100 was 46% (37-57), while that of grade III-IV aGVHD was 24% (17-34). Patients given HSCT from an MSD had a significantly higher incidence of grade II-IV and grade III-IV aGVHD than those transplanted from a UD (57 and 33% vs 39 and 18%, respectively, P ¼ 0.02 and P ¼ 0.04) (Figure 1 ). Within the group of patients grafted from an MSD, the intensity of GVHD prophylaxis (cyclosporine-A vs cyclosporine-A/methotrexate) significantly affected the risk of developing grade II-IV aGVHD (74 vs 17%, Po0.01) and grade III-IV (44 vs 8%, P ¼ 0.04). Thirty patients out of the 85 at risk (35%) developed chronic GVHD, which was limited in 18 cases and extensive in the remaining 12 patients. The overall cumulative incidence of chronic GVHD was 37% (28-49). Patients given HSCT from an MSD had a cumulative incidence of chronic GVHD similar to that of patients transplanted from a UD (43 vs 33%, respectively, P ¼ NS). Grade II-IV aGVHD and age at HSCT X12 years were the only factors significantly associated with an increased risk of developing chronic GVHD.
Transplantation-related mortality
Twenty patients died at a median time of 113 days (range 28-796) after HSCT because of transplantation-related causes, resulting in a 5-year cumulative incidence of 21% (14-31) ( Figure 2 ). The 5-year cumulative incidence of TRM for patients transplanted from either an HLA-identical sibling or an unrelated volunteer was comparable (18 vs 23%, P ¼ NS), whereas there was a trend towards a higher TRM for patients transplanted from a UD, matched only by either incomplete or serological HLA typing (35%, in comparison: 18% for MSD, 16% for UD-8/8 and 20% for UD-7/8, P ¼ NS). In univariate analysis, age at transplantation X12 years, time interval between diagnosis and HSCT X4 months, a structural complex karyotype, and presence of both acute and extensive chronic GVHD were significantly associated with a higher probability of TRM ( Table 1 ). The significant influence of the occurrence of grade III-IV aGVHD and age at HSCT X12 years on the risk of dying because of transplantation-related causes was confirmed in multivariate analysis using a Cox regression model ( Table 2 ).
The majority of patients who experienced TRM in the absence of GVHD had developed liver veno-occlusive disease (n ¼ 4) or pulmonary toxicity (n ¼ 3).
Relapse incidence
Eighteen patients relapsed at a median time of 10 months (0.5-54) after HSCT, resulting in a 5-year cumulative incidence of relapse of 21% (14-32) (Figure 2) . Thirteen of these patients died because of progression of their disease; five patients were rescued with a second allograft and are alive and free of disease with a median follow-up of 3.0 years (0.9-5.0). In univariate analysis, the most advanced morphological subtype of MDS before HSCT and a structurally complex karyotype were the only significant risk factors for disease recurrence ( Table 1 ). The use of intensive chemotherapy before transplantation and the presence of a lower blast count at HSCT were not associated with a significantly decreased risk of relapse. In multivariate analysis, the most advanced morphological subtype type before HSCT remained a significant indicator for an increased risk of relapse; also, transplantation from an insufficiently matched UD (UD-other) was identified to be a risk factor for disease recurrence (see also Table 2 for details). Furthermore, a longer time interval between diagnosis and HSCT was associated with a lower relapse incidence, possibly reflecting the selection of patients with less aggressive disease in the later transplantation group.
Survival and event-free survival
Overall, 64 patients are alive after HSCT, resulting in a KaplanMeier estimate of survival of 63% (53-73) at 5 years ( Figure 2) . With a median observation time of 5.2 years (1.0-10.9), 59 patients are alive in first complete remission after HSCT. The 5-year probability of EFS after the first allograft is 59% (49-69), with no significant difference for patients grafted from either an MSD or a UD (67 vs 53%, P ¼ NS). However, for patients transplanted from a UD matched only by incomplete or serological HLA typing, the EFS was significantly lower (35%, in comparison: 67% for MSD, 62% for UD-8/8 and 56% for UD-7/8, P ¼ 0.03). In univariate analysis, the presence of a TRM  1  25  40  60  97  10   EFS  1  25  40  60  97  10   Overall Survival  1  28  45  63  97  11   40  60  97  1  25 10 Relapse Figure 2 Kaplan-Meier estimate of overall survival and event-free survival (EFS) and cumulative incidence of relapse and transplantationrelated mortality (TRM) for 97 children with advanced MDS.
HSCT for myelodysplastic syndrome in children B Strahm et al Table 1 Univariate analysis of the probability of 5-year EFS, RI and TRM structurally complex karyotype and grade III-IV aGvHD significantly decreased the probability of EFS (Table 1) . Patients who were classified as MDR-AML had a lower probability of EFS compared with patients with RAEB and RAEB-T (32 vs 63 and 64%, respectively); however, the difference was not statistically significant (P ¼ 0.07) (Figure 3) . No other disease-or treatmentrelated variable including the blast percentage at HSCT and the use of intensive chemotherapy before HSCT had a significant influence on the probability of EFS (Table 1) . In multivariate analysis, higher disease stage (MDR-AML vs RAEB), the occurrence of grade III-IV aGVHD and transplantation from an insufficiently matched UD (UD-other) were associated with a lower probability of EFS (Table 2) .
Discussion
This study reports on the results of HSCT in a large cohort of children with advanced primary MDS diagnosed according to defined criteria and transplanted following a homogeneous preparative regimen including three alkylating agents, namely busulfan, cyclophosphamide and melphalan. 8, 12 The study demonstrates that allogeneic HSCT offers a probability of survival of 63%. Relapse and TRM contributed equally to treatment failure.
Data on outcome of children transplanted for childhood MDS are scarce and previously published reports include a limited number of patients with various variants of MDS transplanted following heterogeneous regimens.
7,9-11 The largest pediatric Abbreviations: AML, acute myeloid leukemia; CI, confidence interval; CSA, cyclosporine-A; EFS, event-free survival; GVHD, graft-versus-host disease; HSCT, hematopoietic stem cell transplantation; i.v., intravenous; MDR, myelodysplasia-related; MTX, methotrexate; NS, not significant; p.o., per os; RAEB, refractory anemia with excess blasts; RI, cumulative incidence of relapse; TRM, transplant-related mortality. study reported the results of allogeneic HSCT in 94 children with MDS, including patients with refractory cytopenia, advanced MDS, as well as juvenile myelomonocytic leukemia and secondary MDS, demonstrating a probability of EFS of 41%.
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Within the Children's Cancer Group, patients with MDS and juvenile myelomonocytic leukemia received intensive chemotherapy that, depending on the remission status post induction therapy and the availability of a sibling donor, was followed by allogeneic HSCT. 7 This strategy resulted in a probability of survival of 29-50% depending on MDS subtype. Other investigators focused on patients with MDS or AML associated with monosomy 7 23 or therapy-related MDS. 24 On analysing the factors influencing the patients' outcome, we found that the cumulative incidence of grade III-IV aGVHD was higher in patients transplanted from an MSD (33%) compared with patients transplanted from a UD (18%), demonstrating that more intensive GVHD prophylaxis (that is, the use of methotrexate and the addition of anti-thymocyte globulin in the majority of patients) applied in unrelated HSCT was effective in preventing GVHD. Support to this interpretation is given by the observation that the addition of methotrexate to GVHD prophylaxis in one-third of the patients transplanted from an HLA-matched sibling was able to reduce the incidence of acute GVHD (data not shown). Although the more intensive GVHD prophylaxis reduced the risk of aGVHD and consecutively the risk of dying from transplantation-related causes, this did not translate into a better EFS, as the positive effect in terms of TRM was counterbalanced by a higher risk of relapse (Table 1) . Although these findings support the hypothesis of an effective graft-versus-malignancy effect in pediatric MDS, the increased risk of TRM in the presence of GVHD and the efficacy of more intensive GVHD prophylaxis in preventing GVHD asks for a risk-adapted strategy of GVHD prophylaxis.
In the cohort reported here, the probability of dying from transplantation-related causes was 21%, age X12 years at HSCT and occurrence of grade III-IV aGVHD being the main risk factors. Similar or even higher rates of TRM have been reported in patients transplanted for advanced MDS. [9] [10] [11] Interestingly, patients transplanted for de novo AML following the same preparative regimen have been reported to experience a lower risk of TRM. 25, 26 These observations may support the hypothesis that the high rates of TRM are not exclusively related to the preparative regimen, but that children with MDS suffer from unrecognized underlying disorders that are associated with a Table 2 Multivariate analysis of variables influencing the probability of event-free survival, relapse incidence and transplantation-related mortality higher sensitivity towards chemotherapeutic drugs or alloreactive effect. Our results confirm the relevant risk of relapse reported in most published series 6,9-11 for children receiving allogeneic HSCT for advanced MDS and identify more advanced disease as a risk factor for relapse. 11, 24 Interestingly, the difference in RI and EFS was only observed on comparing MDR-AML with RAEB, whereas RAEB and RAEB-T seem to behave in a similar way. This observation provides support and justifies the pediatric approach to the classification of MDS, where, in contrast to the WHO classification that omitted RAEB-T as a separate entity and included patients with more than 19% bone marrow blasts in the AML group, RAEB-T was maintained as a separate MDS subtype. 4 One of the most controversial issues in the treatment of children with advanced MDS is the impact of intensive chemotherapy before HSCT. Children with MDS treated on AML protocols have been reported to experience a high rate of induction failure and relapse, resulting in a probability of OS of approximately 30%. 6, 7, [27] [28] [29] Likewise, patients receiving allogeneic HSCT as primary treatment have a considerable risk of relapse, as well as transplantation-related toxicity. 6, 9, 11 Therefore, the role of intensive chemotherapy before HSCT for patients with advanced MDS has remained a matter of debate. In this series, the use of intensive chemotherapy before the allograft did not improve survival or EFS. There was also no difference in both RI and TRM for patients who did or did not receive intensive chemotherapy before HSCT. When the analysis was restricted to children with MDR-AML, there was a significantly decreased risk of relapse in the intensive chemotherapy group, resulting in a non-significant advantage in terms of EFS (Table 1 ). The application of intensive chemotherapy was not tested in a systematic way and therefore the results must be interpreted with caution. However, we suggest that intensive chemotherapy cannot generally be recommended for children with RAEB and RAEB-T, but may be considered for children with MDR-AML.
In conclusion, this study indicates that allogeneic HSCT from either an MSD or UD following a myeloablative conditioning regimen including three alkylating agents is feasible and offers a high probability of survival for children with advanced MDS. Outcomes are comparable for children with RAEB and RAEB-T, whereas patients with MDR-AML have an increased risk of relapse. For these patients, new strategies including the systematic application of novel antileukemic therapies, that is epigenetically active substances before HSCT, will have to be evaluated. Likewise, strategies able to reduce the risk of TRM in adolescents, possibly including better GVHD prevention, are warranted.
